Background. Improved vaccination strategies against tuberculosis are needed, such as approaches to boost immunity induced by the current vaccine, BCG. Design of these strategies has been hampered by a lack of knowledge of the kinetics of the human host response induced by neonatal BCG vaccination. Furthermore, the functional and phenotypic attributes of BCG-induced long-lived memory T-cell responses remain unclear.
Recent estimates of the global tuberculosis burden indicate reductions in the number of persons with tuberculosis, the incidence of tuberculosis, and deaths due to tuberculosis [1] . Despite this, approximately 8.8 million new tuberculosis cases were diagnosed in 2010; 1.45 million individuals died from tuberculosis [1] . BCG vaccination in infancy is routine in tuberculosis-endemic countries. However, BCG confers reliable protection against severe forms of tuberculosis in infancy only [2] . Protection against pulmonary disease at all ages is variable and mostly poor. Epidemiological modeling suggests that a new tuberculosis vaccine or vaccination strategy that has greater protective efficacy than the current BCG strategy is critical for tuberculosis elimination [3] .
Most investigators agree that future vaccination against tuberculosis would involve a heterologous prime-boost regimen, with BCG or an improved live mycobacterial vaccine as a prime, followed by an adjuvanted subunit or viral vectored boost [4, 5] . A major hurdle to designing novel vaccination strategies is our limited knowledge of key T-cell response characteristics induced by BCG.
The kinetics of T cells induced by neonatal BCG vaccination have not been studied in humans; in particular, we do not know when this immune response peaks. This is a critical knowledge gap, because studies of CD8 + [6, 7] and CD4 + [8, 9] responses in viral infection models suggest that the best time for boosting is after the peak effector phase, when effector T cells have transitioned into an established memory population. Vaccine boosting during the primary effector phase, when cells are activated, may lead to T-cell exhaustion or activation-induced cell death [6, 9, 10] . Another unresolved question is whether BCG vaccination consistently induces long-lived central memory cells. Crosssectional studies in infants have suggested that BCG may induce primarily effector T cells [11] [12] [13] . This is supported by studies of murine BCG vaccination, which induces a predominant effector T-cell response that fails to establish a long-lived central memory response [14, 15] . These data led to the hypothesis that the short-lived nature of BCG-induced effector T cells underlies the limited duration of BCG-induced protection against tuberculosis [15] . However, BCG vaccination of infants and adults induces immunological memory [16] [17] [18] , and a recent retrospective analysis of long-term efficacy of BCG given between [1935] [1936] [1937] [1938] suggests that BCG induces long-lived protection [19] .
A comprehensive longitudinal study of memory phenotype following human newborn BCG vaccination, particularly a study that yields clarity about the induction of central memory T cells, is required. Therefore, we characterized the kinetics, function, and phenotype of BCG-specific T cells in a longitudinal study of infants routinely vaccinated with BCG at birth. Expansion and contraction of the primary BCG-specific T-cell response occurred within 3 months of vaccination, and the magnitude of specific CD4 + T cells peaked 6-10 weeks after vaccination. After peak, BCG-specific CD4 + T cells displayed a phenotype of classic central memory T cells but retained functional characteristics more consistent with effector T cells.
METHODS

Study Participants and Blood Collection
We conducted a longitudinal observational study in healthy infants. The study protocol was reviewed and approved by the University of Cape Town Research Ethics Committee and by the Western Cape Department of Health. Mothers attending maternity units in the Worcester district, 110 km from Cape Town, South Africa, were approached and gave written informed consent. Only mothers who had undergone screening for human immunodeficiency virus (HIV) infection by the state-run program to prevent mother-to-child transmission of HIV and who were HIV negative were recruited. Infants, who received routine intradermal BCG vaccine (Danish strain 1331; Statens Serum Institut) within 48 hours of birth were followed up to 52 weeks of age. Peripheral venous blood was collected from each infant at three or four time points, corresponding to the following 7 ages: 3, 6, 10, 14, 27, 40, or 52 weeks. Allocation of infants was designed to enroll a minimum of 33 infants at each time point.
Antigens and Antibodies Used in Assays
The following antigens were used: BCG (Danish strain 1331), Mycobacterium tuberculosis purified protein derivative, tetanus toxoid (TT; control vaccine antigen), ESAT6/CFP10 fusion protein, phytohemagglutinin ( positive control), phorbol 12-myristate 13-acetate, ionomycin and costimulatory antibodies, anti-CD28, and anti-CD49d.
The following monoclonal antibodies were used for flow cytometry: CD3, CD4, CD8, Ki67, Bcl-2, CD38, HLA-DR, CD45RA, CCR7, granulysin, granzyme B, perforin, interferon γ (IFN-γ), tumor necrosis factor α (TNF-α), interleukin 2 (IL-2), and interleukin 17 (IL-17). Fluorochrome and antibody clone details are available in the Supplementary Methods.
Whole-Blood Intracellular Cytokine Staining (WB-ICS) Assay
Heparinized whole blood was processed immediately after collection. The WB-ICS assay [20] and whole-blood Ki67 proliferation assay [12] were performed as previously described. Detailed procedures are available in the Supplementary Methods.
Cytotoxic Molecule Expression Assay
Whole blood (125 μL diluted 1:5 in warm Roswell Park Memorial Institute medium) was incubated with antigens at 37°C in 5% CO 2 . On day 3, samples were incubated with BD FACS Lysing Solution to lyse red cells and fix white cells. White blood cells were cryopreserved in 10% dimethyl sulfoxide/fetal calf serum. Flow cytometric analysis was later performed as described above.
Data Analysis
Outcomes assessed both cross-sectionally (at each age) and longitudinally included BCG-specific T-cell frequencies defined by cytokine production, phenotype of these cells, frequency and phenotype of proliferating (Ki67 + ) T cells, and frequency of specific (Ki67 + ) T cells expressing cytotoxic markers. Infants who acquired M. tuberculosis infection or who received a diagnosis of active tuberculosis during the study were excluded from analysis. M. tuberculosis infection was determined at each time point by measuring T-cell proliferation following 6-day culture with ESAT6/CFP10 fusion protein [21] .
Data analysis details for flow cytometry outcomes are available in the Supplementary Methods. GraphPad Prism, version 5, was used for data presentation and statistical analyses. Mann-Whitney or Wilcoxon signed rank tests were used to compare different time points or groups. The Spearman nonparametric correlation test was used to test for associations. P values of < .05 were considered statistically significant. To account for multiple testing, the Bonferroni adjustment was applied when necessary. Adjusted P values considered to be significant are given in the respective figure legends.
RESULTS
Participants
Ninety infants were enrolled. Analyses were restricted to 73 infants; 6 infants did not meet clinical inclusion criteria, and 11 were lost to follow-up (Table 1 ). All infants received BCG within 48 hours of birth, as well as the full complement of childhood vaccines of the South African Expanded Program on Immunization [22] .
Kinetics of the BCG-Specific T-Helper 1 (Th1) Response
We measured the magnitude and kinetics of the BCG-induced response by using flow cytometry to quantify CD4 + T cells expressing IFN-γ, TNF-α, IL-2, and/or IL-17 (Supplementary Figure 1C ). By contrast, in most infants, specific IL-17-expressing CD4 + T-cell frequencies were similar to those of unstimulated controls at all post-BCG time points. We previously reported that virtually no specific CD4 + T cells could be detected with this assay at 10 weeks of age when BCG was not given [11] .
CD38 and Bcl-2 Expression by BCG-Specific CD4 + T Cells
To characterize changes in the long-lived potential and activation status of BCG-specific Th1 cells, we measured expression of the antiapoptotic marker Bcl-2 and the activation marker CD38 by total cytokine-expressing CD4 + T cells ( + T cells at 6 and 27 weeks after vaccination. The horizontal line represents the median, the box represents the interquartile range, and the whiskers represent the range. Because HLA-DR expression was only measured at 6 and 27 weeks of age, no Bonferroni adjustment was applied to this comparison. D, Association between HLA-DR and CD38 expression levels by cytokine-expressing CD4 + T cells 6 and 27 weeks after vaccination. The strength of the correlation was calculated using the Spearman rank correlation test. expression up to 27 weeks, when the level of Bcl-2 expression peaked (6 vs 10 weeks [P < .0001]; Figure 2B ).
Since CD38 is highly expressed on naive T cells in infants [23] , we sought to confirm that CD38 was an appropriate activation marker of antigen-specific T cells. We measured expression of the T-cell activation marker HLA-DR by BCG-specific, cytokine-expressing T cells at 6 and 27 weeks. Consistent with CD38, HLA-DR expression was lower at 27 weeks, compared with 6 weeks (P = .0098; Figure 2C ); HLA-DR and CD38 expression levels correlated directly ( Figure 2D ). Cytokineexpressing CD4 + T cells were also virtually exclusive to CD45RA -, antigen-experienced T cells (discussed below in the "Memory Phenotype" subsection of Results), excluding confounding effects by CD38 high naive T cells from our measurements. This suggests that upregulation of CD38 expression by BCG-specific CD4 + T cells was antigen specific. Our data suggest that BCG-specific cytokine-expressing T cells are activated and may be susceptible to apoptosis during the first 6 weeks after BCG vaccination.
Kinetics of BCG-Specific CD4 + T Cells Expressing Cytotoxic Molecules
Mycobacteria-specific CD4 + T cells with cytotoxic function have been described in adults [24] . To further characterize BCG-induced T cells, we assessed BCG-specific CD4 + T-cell expression of granzyme B, perforin, and granulysin. Detection of de novo cytotoxic molecule expression is challenging because these molecules reside at high levels in preformed cytotoxic granules, which degranulate immediately upon antigen stimulation [25] . To circumvent this, we incubated whole blood with BCG for 3 days and detected T-cell upregulation of Ki67. This allowed measurement of cytotoxic molecules expressed in vitro by BCG-specific CD4 + T cells identified as Ki67 + , as described elsewhere [26] ( Figure 3A ).
Low Ki67 + BCG-specific CD4 + T-cell frequencies were detected 3 weeks after BCG vaccination ( Figure 3B ). The BCGspecific CD4 + T-cell response expanded to a peak at 6 weeks (P = .0007) and gradually contracted during follow-up to levels below the 3-week response ( Figure 3B ). Next, we measured granzyme B, perforin, and granulysin expression by Ki67 + BCG-specific T cells ( Figure 3C and Supplementary Figure 3A and 3B). The kinetics of total cytotoxic marker-expressing BCG-specific CD4 + T cells matched the kinetics of Ki67 + CD4 + T cells; cytotoxic marker-expressing CD4 + T cell frequencies peaked at 6 weeks and gradually waned up to 1 year ( Figure 3C and 3D). Granzyme B was the predominant cytotoxic marker expressed by BCG-specific CD4 + T cells, particularly during the peak; granzyme B expression is characteristic of effector T cells [27] . Specific CD4 + T cells also expressed granulysin and low levels of perforin ( Figure 3E ). These data show that BCG-specific cytotoxic CD4 + T cells peak at the 6-week time point and thereafter gradually wane over the first year of life.
Memory Phenotype of BCG-Specific CD4 + T Cells
Our finding that BCG-specific CD4 + T cells switch to a Bcl-2 high CD38 low phenotype after the peak effector phase (Figures 1-3) suggests that BCG-induced CD4 + T cells may develop long-lived memory characteristics. We therefore sought to determine whether contraction of the response coincided with functional changes consistent with memory development, such as greater IL-2 expression and lesser IFN-γ expression [28] , and with upregulation of CCR7, a classic central memory marker [29] .
During the peak response 6-10 weeks after vaccination, BCG-specific CD4 + T cells preferentially expressed IFN-γ and not IL-2 ( Figure 4A ), a typical effector cell cytokine profile [29] . Contraction of the specific CD4 + T-cell response 10 + T cells at 27 weeks of age. This time point corresponds to 27 weeks after BCG vaccination and 13 weeks after TT vaccination. The horizontal line represents the median, the box represents the interquartile range, and the whiskers represent the range. Groups were compared using the Mann-Whitney U test. An adjusted P value of <.0167 (0.05 divided by 3) was considered significant. C, Relative proportions of BCG-specific CD4 + T cells expressing granzyme B, perforin, or granulysin out of the total cytotoxic molecule-expressing CD4 To further interpret these cytokine expression patterns, we compared the proportions of cytokine-expressing BCG-and TT-specific CD4 + T cells at 27 weeks of age (27 weeks after BCG vaccination and 13 weeks after TT vaccination). Since the TT protein vaccine is efficiently and rapidly cleared, TTspecific T cells provide a model of evolution into a central memory response [28] . As expected, the TT-specific CD4 + T-cell memory response was characterized by low proportions of IFN-γ and by high proportions of IL-2-and TNF-α-expressing cells. By comparison, BCG-specific CD4 + T cells expressed higher proportions of IFN-γ (P = .0002) and lower proportions of IL-2 (P = .0002; Figure 4B ). These data suggest limited evolution of the BCG-induced response into classical central memory cells, as defined in models of acute and chronic viral infections. This was further supported by qualitative analysis of cytotoxic molecule expression. Granzyme B expression, also characteristic of an effector response, characterized the dominant cytotoxic CD4 + T-cell subset throughout the first year ( Figure 4C ).
CD45RA and CCR7 expression on antigen-experienced T cells have been used to infer memory phenotype [29] . CCR7 expression endows antigen-experienced CD45RA -T cells with the potential for lymph node homing, which is characteristic of long-lived central memory cells. Establishment of such a long-lived memory response is typically observed following successful clearance of acute infections or vaccine antigens [28, 30] . By contrast, absence of CCR7 expression allows cells to migrate to the site of infection, a characteristic of shortlived effector cells observed in persistent viral infections [31] . We measured CD45RA and CCR7 expression during the peak BCG-induced CD4 + T-cell response, 6 weeks after vaccination, and again after the contraction phase, 27 weeks after vaccination. Surprisingly, a large proportion of BCG-specific cytokine-expressing T cells displayed a CD45RA -CCR7 + central memory phenotype, even 6 weeks after vaccination ( Figure 5A and 5B). CCR7 expression by specific CD4 + T cells was even higher after the contraction phase, 27 weeks after vaccination, when the BCG-specific response had developed into a classic + T cells in each quadrant. B, Memory phenotype of BCG-specific total cytokine-expressing CD4 + T cells 6 and 27 weeks after BCG vaccination. Groups were compared using the Mann-Whitney U test. An adjusted P value of <.0125 (0.05 divided by 4) was considered significant. C, Memory phenotype of TT-specific total cytokine-expressing CD4 + T cells 27 weeks after BCG vaccination and 13 weeks after TT vaccination. The horizontal line represents the median, the box represents the interquartile range, and the whiskers represent the range.
CD45RA -
CCR7
+ central memory response ( Figure 5A and 5B). This was consistent with the central memory phenotype displayed by TT-specific CD4 + T cells at 27 weeks ( Figure 5C ).
Therefore, although cytokine and cytotoxic marker expression did not suggest evolution of BCG-specific T cells into a central memory response over the first year of life, surface marker expression did support transition into this phenotype.
In Vitro Proliferation of BCG-Specific T Cells
To address the apparent dichotomy of functional and surface characteristics of the specific response, we measured in vitro proliferation of BCG-specific CD4 + T cells, using a previously optimized Ki67 expression assay [26] . BCG-specific CD4 + T cell proliferation peaked 10 weeks after vaccination and gradually waned over the first year of life ( Figure 6A and 6B). At 27 weeks after vaccination, the proliferative potential of BCG-specific CD4 + T cells had returned to levels similar to those observed at 3 weeks ( Figure 6B ). By contrast, the TTspecific proliferative potential showed no sign of waning at any time point after infants received the last TT vaccine boost, at 14 weeks of age ( Figure 6C ). Finally, we sought to determine whether the waning BCGspecific proliferative response during follow-up was associated with frequencies of BCG-specific precursor CD4 + T cells detected ex vivo. Frequencies of BCG-specific cytokine-expressing CD4 + T cells correlated with frequencies of proliferating CD4 + T cells ( Figure 6D ). Since IL-2 is critical for maintenance and proliferation of memory T-cell populations [32] , we also examined the relationship between IL-2-expressing T-cell frequencies and proliferating BCG-specific CD4 + T cells. No correlation was observed between these BCG-specific functions (data not shown). We concluded that the loss of BCG-specific T-cell proliferative potential is directly linked to CD4 + T-cell precursor frequency and does not reflect the composition of BCG-specific memory cells.
DISCUSSION
We characterized the function and phenotype of BCG-specific T-cell responses following newborn BCG vaccination. We showed the following: (1) the BCG-induced CD4 + T-cell response peaked 6-10 weeks after vaccination and thereafter gradually waned; (2) the primary response was characterized by highly activated Th1 cells, producing IFN-γ predominantly and expressing low levels of Bcl-2; and (3) following the contraction phase of the response, BCG-specific CD4 + T cells assumed a central memory phenotype but shared functional features of effector memory T cells. We propose that boosting of the BCG-primed response with a heterologous vaccine would be most optimal after establishment of a memory T-cell population. This population would have a central memory phenotype, express high levels of Bcl-2, and be CD38 low [6, 28, 30, 33] . Survival of memory T cells following contraction is mediated in part by antiapoptotic molecules, such as Bcl-2 [10, 27, 34] . By contrast, highly activated effector T cells, such as those observed 6-10 weeks after vaccination, may be more susceptible to activationinduced cell death [33, 35, 36] . Boosting T-cell responses during the effector phase of the response may lead to T-cell exhaustion and death, drive generation of predominantly short-lived effector cells, lead to the expansion of highly differentiated T cells, or limit T-cell clonal expansion [8, 32, 37] . Our data suggest that the ideal time for boosting is at 14 weeks or thereafter, following the contraction of the peak effector response. We recently showed successful boosting of BCG-induced CD4 + T cells with the novel tuberculosis vaccine MVA85A at 5-12 months of age [38] . Timing of booster vaccines should also consider other factors. It may be easier to ensure adherence and, therefore, vaccination coverage if new vaccines are coadministered as a part of the activities of World Health Organization Routine Expanded Programme on Immunisation. However, coadministration could lead to interference, as recently reported when MVA85A was co-administered [39] . We found that BCG-specific CD4 + T cells displayed attributes consistent with long-lived central memory cells, while cytokine and cytotoxic marker functional attributes were more characteristic of effector cells. Studies of 3 highly effective human vaccines, against tetanus, yellow fever, and smallpox, showed that stable long-lived memory T cells can protect for decades [28, 30] . It is not known whether such a central memory response is required for protective immunity against tuberculosis. BCG affords protection against disseminated forms of tuberculosis only in infants and young children [40, 41] . The short-lived duration of protection has been attributed to failure of BCG to induce long-lived memory cells or to a gradual loss of BCG-specific T cells [14, 15] . Our finding that BCG-specific CD4 + T cells express high levels of Bcl-2 and CCR7 are at odds with this hypothesis. Furthermore, a recent retrospective analysis of previous participants in a placebo-controlled efficacy trial of BCG during 1935-1938 showed evidence of long-term BCG-mediated protection [19] . Regardless, studies are needed to determine which phenotypic and/or functional attributes of the BCG-specific response may be associated with long-lived protection.
Our finding that BCG-specific CD4 + T cells displayed characteristics of both central and effector memory T cells was surprising, given the polar distinction into either subset observed in acute and chronic viral infections [7, [42] [43] [44] . Many factors may influence development of long-lived memory T cells. Of these, antigen load and persistence may be most important [43, 45] . In humans, peripheral blood T cells displaying qualities of long-lived memory are detectable many years after primary immunization with efficiently cleared vaccines, such as TT vaccine or yellow fever vaccine [28, 30] . By contrast, excessive and/or persistent antigenic stimulation favors commitment of effector memory T cells and impairs development of long-lived memory cells [9, 43, 46, 47] . Our data of nonpolarized memory phenotype and function may reflect persistence of BCG and may suggest that programming of memory T cells after infant vaccination with live BCG may be unique. Nevertheless, the decrease in activation markers and progressive increase in Bcl-2 and CCR7 expression may also suggest that BCG is cleared within the first 3 months after vaccination [33] . Our finding that BCG-specific CD4 + T cells predominantly expressed IFN-γ is consistent with findings from previous studies [11, 12, 48] . However, the prominent central memory phenotype observed here is different from the predominant effector phenotype of BCG-specific CD4 + T cells reported previously in infants [11, 12] and children [13] . In children, these phenotypic differences may be related to persistent exposure to cross-reactive environmental mycobacteria, other bacteria, and/or M. tuberculosis, which may drive T-cell differentiation. However, this cannot explain the different memory phenotypes in infants, because exposure would have been limited during the first year of life. While assay procedures in the current study were virtually identical to those in our previous projects, we used a different anti-CCR7 monoclonal antibody clone in the current study, which may have influenced outcomes [11] [12] [13] . Regardless, since we used TT-induced CD4 + T cells as a control of central memory cells, we are confident that the memory phenotypes described here are reliable. Our memory phenotype results are also different from the dominant effector memory phenotype reported in BCGvaccinated mice. BCG causes a chronic infection in mice that drives persistent immune activation [49] . The persistence of replicating BCG in mice thus induces and maintains mycobacteria-specific effector memory CD4 + and CD8 + T cells [14, 49] .
We propose that these caveats preclude useful comparison of immune responses induced by murine BCG vaccination to those in humans.
In conclusion, we showed that newborn BCG vaccination leads to development of a memory CD4 + T-cell population that possesses phenotypic characteristics of central memory cells and functional attributes of effector memory cells. The BCG-primed response may ideally be boosted with heterologous tuberculosis vaccines after 14 weeks of age. Collectively, these data provide a framework for optimizing prime-boost vaccination strategies and are useful as a comparative model for assessing T-cell responses in infants following immunization with novel tuberculosis vaccine candidates.
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